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Birmingham SINCE the beginning of this century a revolution has occurred in our conception of the structure and physiology of dental enamel. At that time, it was generally accepted that the formed enamel of an erupted tooth was a static tissue with no organic content. Even now, we cannot regard the enamel as a vital tissue if we assess vitality by the usual gross criteria applied to cells such as growth, metabolism, irritability, repair and reproduction. It is, however, undoubted that it is a dynamic tissue in which changes in its constituents can and do occur after eruption. The facts, as we know them, suggest that these changes are caused mainly by relatively simple physico-chemical mechanisms, such as diffusion or osmosis, which are intimately related to the tissue's permeability. It has, however, been claimed that enzymatic reactions occur within the enamel or on its surface (e.g. Aitken, 1949) .
The permeability of the enamel has been intensively studied during the last twenty-five years by methods based on diffusion, osmosis and electrophoresis, combined in most cases with the use of distinguishable particles, such as dyes, easily recognisable chemicals (e.g. silver nitrate), toxins and radioactive tracers. Many of these experiments, both in vivo and in vitro, have shown that certain particles can pass through the full thickness of the enamel but most of them were not suitable for demonstrating that the passage occurred through intact mature enamel in contradistinction to that through damaged enamel, through cracks in the tissue or along the lamellk. For this purpose the examination of histological sections, combined with the use of particles in the form of intensely staining dyes, easily distinguishable chemicals such as silver nitrate, or radioactive tracers and autoradiographs, is necessary. Unfortunately, most dyes have large molecules: often they have been shown to enter areas of intact, fully mature enamel around the enamel spindles and tufts and occasionally they penetrate other areas. They rarely, if ever, pass through the full thickness of intact mature enamel except along the lamellae or cracks. Radioactive tracers are especially suitable for this type of research because many particles from small ions to large molecules can be labelled; such methods have shown that the enamel is completely permeable to certain small ions. It has been stated (e.g. Atkinson, 1947 ) that the direction of the "currents" in the enamel will be influenced by the relative osmotic and hydrostatic pressures of the tissue fluids in the dentine and of the environment on the external surface of the enamel and that these "currents" may carry particles, to which the enamel is permeable, into or through the enamel. The osmotic pressure of the tissue fluids in the dentine is said to be slightly greater than that of the saliva and it has, therefore, been deduced that osmotic "currents" will occur from the saliva inwards towards the dentine. On the other hand, when highly concentrated sugar collects on the enamel surface, very high osmotic pressures develop. It has similarly been deduced that such osmotic pressures will produce strong osmotic "currents" from the dentine towards the external surface. Assumptions regarding the direction of the currents in the enamel are not justified until the level of permeability of this tissue is known. Thus if the enamel were permeable to glucose, glucose would diffuse into the enamel, together with many other small ions and particles, unaffected by the weak osmotic gradients produced by the enamel being impermeable to other particles. A knowledge of the particles which are able to penetrate enamel is therefore essential to the understanding of its physiology.
Knowledge of the permeability of enamel to glucose molecules and fluoride ions is especially desirable: glucose molecules, because their size appears to be about the limiting size of permeable particles and because they provide a common source of energy for the bacteria of caries and may be broken down by them to acid end-products: fluoride ions to account for the observations that the average fluoride content of enamel of erupted teeth is higher than that of unerupted teeth (Jenkins and Speirs, 1954; Isaac et al., 1958) .
Permeability to Glucose
Preliminary in vitro studies by autoradiographic methods of the permeability of the enamel to A4C-labelled glucose (in which bacterial metabolism was reduced by raising the osmotic pressure with 20% neutral glucose, by carrying out the investigations at 30 C. and by the addition of soluble penicillin to the glucose) suggest that glucose, or breakdown products of glucose formed under such conditions, penetrates rapidly throughout the full extent of any canious lesion which can be recognized clinically or by routine optical microscopical methods. In several teeth, in which no clinically recognizable carious lesion was present, radioactivity was observed within the pulps but this penetration may have occurred through localized areas of defective enamel or along lamellke. The results of these investigations will be published in detail elsewhere when it has been ascertained whether any breakdown of glucose occurred during the course of the experiments.
Permeability to Fluorides
The demonstration of penetration of enamel by fluorides is exceptionally difficult and, unless much more sensitive methods of micro-analysis for fluorine are developed, can only be done by the use of the radioisotope 18F. Brudevold et al. (1957) immersed teeth in labelled fluoride solutions, washed them and then counted the surface which was subsequently polished with pumice; subsequently radioactivity suggestive of some minor penetration of the enamel by the labelled fluoride was still found on the polished surfaces. We have performed similar experiments and have obtained results identical to theirs. This experiment needs further support because during the polishing there must be a time when only a part of the surface layers has been removed. In addition, it is possible that some 18F taken up in the polishing slurry may readsorb on to the freshly polished surfaces.
If we produce autoradiographs of serial sections of a tooth which has been immersed in a labelled fluoride solution and from which the surface layers have been ground away and polished in certain areas, we find an increased uptake of "8F on the ground and polished enamel ( Fig. 1 ). This experiment was performed ,... .. , ...... ..,
of two serial sections of an undecalcified premolar from which part of the surface enamel had been previously removed buccally and lingually and which had been immersed for three hours in a 2-2 p.p.m. sodium fluoride solution labelled with 18F.
Note the increased uptake of 18F on the ground surfaces, on the cementum and in the fissure.
In the upper autoradiograph the slight activity within the root dentine suggests that the 18F has penetrated through the underlying cementum towards the pulp. The lower autoradiograph of a more central section does not show a similar activity in the root dentine. because we wished to show that the deeper layers of the enamel, which have a low fluoride content, would take up fluoride more readily than the surface layers which have a high fluoride content. It was subsequently shown (Fremlin et al., 1959 ) that in fact radioactive fluoride exchanges more rapidly at first with the nonradioactive fluorine of the enamel than with other groupings which will exchange with fluorides (such as hydroxyl): iso-ionic exchange occurs more readily than hetero-ionic exchange. Therefore the observed increased uptake of 18F on the ground enamel could not be accounted for by the lower fluoride content of the deeper layers of the enamel. Neither could the greater uptake on the ground and polished areas of the enamel be entirely due to the production of an increased surface area because the polishing would remove surface scratches. Another possible explanation is that 18F and the fluoride ions are able to penetrate the deeper layers of the enamel more quickly than the surface layers.
The radioactive isotope 18F has great disadvantages for demonstrating penetration of the enamel by autoradiography. The short half-life of "8F (110 minutes) precludes its use in experiments of long duration; indeed the dental literature contains few references to experiments carried out with "8F for periods of longer than one hour. In producing autoradiographs of a tooth following its immersion in a solution labelled with 18F, the 18F will continue to decay while the sections of the tooth are being prepared and while the tooth is exposed to the photographic film in making the autoradiograph. Therefore if adequately exposed autoradiographs are to be prepared, the immersion in the labelled fluoride solution can only be continued for a period during which a high activity of 18F remains in the hard dental tissues. With a very high initial activity of the labelled fluoride solution, it has been possible to immerse the teeth in the fluoride solution for up to nine hours and to prepare autoradiographs of satisfactory exposure of sections of these teeth.
The resolution obtainable under favourable conditions in an autoradiograph varies inversely with:
(1) The energy of, the particles emitted. In the case of 18F these are highly penetrating, thus limiting the possible degree of resolution very considerably.
(2) The thickness of the sections. In the case of enamel, it is only possible to prepare sections about 100 microns thick within a period of about thirty minutes. If thinner sections are prepared, considerably greater time is taken in their preparation, during which time the radioactivity will still be decreasing. The unavoidable Proceedings of the Royal Society of Medicine thickness of the sections reduces the resolution that can be obtained.
(3) The distance of the histological section from the photographic film. This factor produces no difficulties in autoradiographs of the hard dental tissues.
- (4) The thickness of the emulsion of the photographic film. Fine grain films with an emulsion thickness of only 10 microns are now available and were frequently used in these experiments; unfortunately they are slow.
The difficulties arising from the high energy of the particles and the thickness of the prepared sections did not permit a degree of resolution in the autoradiographs sufficient to demonstrate convincingly any penetration of '8F which occurs into intact mature enamel in a period of nine hours' immersion. Penetration into dentine and carious lesions (Fig. 2) could be demonstrated satisfactorily.
Two other methods were evolved to show penetration of "8F. In pilot studies with the first method, a tooth was covered with wax apart from one relatively flat undamaged enamel surface, and immersed in a labelled fluoride solution for periods of up to six hours. Two parallel flat surfaces about 5 mm. apart were ground into this flat surface with a stone, isolating an area of unground enamel between them. This untouched surface was examined closely under the microscope and by focusing with an oil immersion lens on the surface and on the two parallel ground surfaces at either side it was possible to estimate its height above these two ground areas. The surface layers of the hitherto untouched surface were then removed by filing with emery paper and the microscope was again focused on this surface and on the two parallel ground areas at either side, enabling the new height of the central surface to be estimated. The approximate thickness of the layer removed by filing could thus be assessed. Autoradiographs were prepared of this filed surface which in certain experiments was found to be still radioactive due to the presence of 18F. The   FIG. 2. -Autoradiograph (x 2) of serial transverse sections of a premolar with a carious interstitial lesion which had been immersed for three hours in a 2 2 p.p.m. sodium fluoride solution labelled with 1F.
Note the penetration of 18F into the carious area. danger of transference of "8F from the surface layers of the enamel on to the filed surface was reduced by using fresh dry emery paper for each strokes of the filing. This set of experiments showed that penetration through sound enamel occurs to the depth of a few microns in a period of six hours.
In this experiment a positive result as shown by the autoradiograph becoming exposed over the filed surface demonstrates that 18F has penetrated the enamel: a negative result shows that no penetration has occurred down to the level of the filed surface but does not necessarily show that smaller depths of penetration have not occurred.
The second method for demonstrating penetration is more complicated and needs some explanation. As 18F decays, it emits positrons which, although of high energy and penetrating power compared with most beta particles, do not penetrate as far as most gamma radiations. Each positron will be stopped and be attracted to a near-by electron with which it will be annihilated, emitting highly penetrating secondary gamma rays. If 18F is deposited as a surface film on a tooth, the number of beta particles and gamma rays emitted from the surface will bear a constant relation to each other (Fig. 3 ). If the 18F penetrates appreciably below the surface of the tooth, some of the beta particles will fail to reach the enamel surface; the secondary gamma radiations I' . I  FIG. 3. -Diagram to illustrate the positrons and secondary gamma radiations emitted from a point source of 18F on a tooth surface. For clarity, the positron tracks within the hard dental tissues have been magnified. Note that many positrons enter the window of the beta counter. similar to Fig. 3 , in which a point source of 18F lies below the tooth surface. Note that fewer positrons enter the beta counter window but that the secondary gamma radiations are not reduced. emitted through the tooth surface, will, however, not be affected significantly by the thickness of enamel in any tooth (Fig. 4) . As a result, if beta + gamma penetration occurs, the ratio will gamma decrease and from the change in this ratio the mean depths of 18F in the enamel after varying periods of immersion in the labelled fluoride solution can be compared.
Section of
The combined beta and gamma radiations can be counted satisfactorily in an end-window Geiger-Muller counter. The gamma rays can also be counted in this type of counter if the specimen is covered with a thickness of wax accurately adapted to the tooth surface and of sufficient thickness to stop all the beta particles. It should be emphasized, however, that random errors, associated with all counting procedures, will occur but the random errors arising in the counting and from the background radiations can be estimated mathematically if the number of counts on the Geiger-Muller counter is known: the greater the number of counts, the smaller are the random errors.
In this second method the crown of a recently extracted tooth was waxed on to a polythene template and covered with wax except for the enamel surface to be examined which had previously been lightly buffed to remove surface films and debris. Neither polythene nor wax takes up 18F. The polythene template could be accurately positioned within a polythene retainer Odontology 755 fixed to a tray of the Geiger counter. At the beginning of the experiment the tooth and template were placed in a fluoride solution labelled with 18F. After two minutes' agitation the tooth and template were removed from the labelled solution, washed for 30 seconds under a stream of running water, dried with absorbent paper and then positioned on the counting tray. The gamma radiations and the combined beta and gamma radiations were counted separately over periods of time adequate to obtain satisfactory statistics. The tooth and template were then removed from the counting tray and reimmersed in the labelled fluoride solution for long periods which in various experiments ranged from 200-1,200 minutes during which the solutions were kept agitated. Subsequently the tooth and template were removed from the labelled solution, washed, dried and counted for gamma, and combined beta and gamma radia-Beta ± gamma tions as before. -ratios were gamma worked out for 78 such experiments, the necessary allowances being made for background count, the dead time of the counter, &c. The random errors were also estimated.
Attention should be drawn to the fact that this method of demonstrating penetration of enamel provides an index of the mean depth of penetra-7 tion of the isotope into the whole area examined. A small defect in the enamel might allow considerable penetration in that one area which beta ± gammaraifoth would alter the ratio for tfie gamma whole surface appreciably. In the enamel surfaces examined there was no clinical evidence of defects. In a few cases the specimens were sectioned and autoradiographed but no penetration of 18F was shown in localized areas of beta + gamma these specimens. The ratio does gamma not indicate the mean depth of penetration of the isotope in microns or millimetres because it would be necessary to know also the distribution of 18F at varying depths of enamel for this to be estimated. It does, however, enable the mean depth of penetration within the same enamel specimen after varying times of immersion in this solution, or the ratio of penetration in different enamel specimens, to be compared. It also enables the rates of penetration of different isotopes to be compared approximately, after calculating the effects produced by the different energies of their alpha and beta particles. No significant differences were found between the beta ± gamma ratios at the end of two gamma minutes' immersion and after periods of for twenty-four hours. Note that the _22Na has not penetrated the enamel verse sections of an incisor tooth with an interstitial carious lesion after immetsion in sodium chloride solution, labelled with "rNa, for fifteen days. Note that the hoNa has penetrated the full thickness of the immersion up to eight hours. For longer periods enamel, cementum and dentine and that increased the ratios began to drop significantly (Fig. 5 ). It uptake has occurred in the carious lesion. oror te e under the area from which the surface layers had been half-lifee 2Na is two and a half years. Iterits ground away (B). primary gamma rays and beta particles in the form of positrons of very similar energy to the positrons of 18F. In one day (Fig. 6 ) little penetration occurs but after fourteen days' immersion often the full thickness of the enamel and dentine is penetrated (Fig. 7) . As with fluorine, an increased uptake of sodium occurs in areas of enamel from which the surface layers have previously been ground away and in carious lesions (Figs. 8, 9, and 10) . As 22Na emits both positrons and primary gamma radiations, penetration can be demonstrated by calculating the beta gamma ratios after varying periods of gamma immersion in the labelled sodium solutions as was done with 18F (Fig. 11) . Comparison with the results obtained with 18F suggests that the penetration of fluoride ions is slower than that of the sodium ions into intact enamel (Fig. 5) . Alternatively, and more probably, the same effect would be produced by a marked adsorption of the labelled fluoride within the outermost layers of the enamel, combined with penetration of 18F at the same rate as the 22Na into the deeper enamel.
Conclusions.-{1) Fluoride and sodium ions and glucose molecules or products of the breakdown of glucose penetrate rapidly through carious enamel.
(2) Fluoride and sodium ions penetrate intact mature enamel; the mean depth of penetration of sodium ions increases more rapidly than that of fluoride ions.
(3) The outermost layers of the enamel are more slowly permeable to sodium ions than the 27 757 ---deeper layers. There is evidence suggesting a slower rate of penetration of the outer enamel by fluoride ions.
